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Abstract

Weinvestigated in conscious dogs (a) the effects of heart fail-
ure induced by chronic rapid ventricular pacing on the sequence
of development of left ventricular (LV) diastolic versus systolic
dysfunction and (b) whether the changes were load dependent
or secondary to alterations in structure. LV systolic and dia-
stolic dysfunction were evident within 24 h after initiation of
pacing and occurred in parallel over 3 wk. LV systolic function
was reduced at 3 wk, i.e., peak LV dP/dt fell by -1,327±105
mmHg/s and ejection fraction by -22±2%. LV diastolic dys-
function also progressed over 3 wk of pacing, i.e., r increased by
+14.0±2.8 ms and the myocardial stiffness constant by
+6.5±1.4, whereas LV chamber stiffness did not change.
These alterations were associated with increases in LV end-
systolic (+28.6±5.7 g/cm2) and LV end-diastolic stresses
(+40.4±53 g/cm2). When stresses and heart rate were
matched at the same- levels in the control and failure states, the
increases in r and myocardial stiffness were no longer observed,
whereas LV systolic function remained depressed. There were
no increases in connective tissue content in heart failure. Thus,
pacing-induced heart failure in conscious dogs is characterized
by major alterations in diastolic function which are reversible
with normalization of increased loading condition. (J. Clin. In-
vest. 1992. 89:1825-1838.) Key words: collagen - diastole.
heart failure * rapid pacing- ventricular function

Introduction

Congestive heart failure is characterized by impairment of both
systolic and diastolic left ventricular (LV)' function (1, 2).
Some studies have suggested that the alterations in diastolic
function may even precede impairment of systolic function
(3-5). Diastolic dysfunction could be due to a defect in the
cardiac myocytes, to altered intracellular calcium handling, to
alterations in structure, e.g., collagen content, to alterations in
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loading conditions, or to concomitant myocardial ischemia.
These factors are associated frequently with the diastolic dys-
function observed in human heart failure, and are generally
inseparable in most chronic models of heart failure, particu-
larly in the clinical setting (1, 2). In order to elucidate which of
these mechanisms are important in mediating diastolic dys-
function during the development of heart failure and to deter-
mine whether alterations in diastolic function precede or fol-
low alterations in systolic function, it is important to examine
an experimental model in which the changes in systolic and
diastolic function can be assessed longitudinally as the conges-
tive heart failure state is induced, and potentially be studied
early enough such that alterations in collagen content are not a
confounding factor (6, 7). The model of pacing-induced cardio-
myopathy and heart failure is ideal for this investigation be-
cause it has been well characterized in terms of its alterations in
LV systolic function (8-12), has been shown to be character-
ized by LV diastolic dysfunction as well (1 2), and can be stud-
ied as the lesion develops initially and progressively in the same
animals, which serve as their own controls.

Accordingly, the goals of the current investigation were to
determine in the model of pacing-induced heart failure
whether alterations in LV systolic or diastolic function oc-
curred independently of one another. Secondly, we sought to
determine whether the alterations in LV systolic or diastolic
function were reversible by correcting abnormal loading condi-
tions. To accomplish these goals we studied the same chroni-
cally instrumented conscious animals 2-3 wk after recovery
from surgery when they were healthy and restudied them at 1 d
and at selected intervals for up to 3 wk as congestive heart
failure evolved. At that time, animals were sacrificed for exami-
nation of myocardial collagen content. Both in the control
state and after 3 wk of pacing, loading conditions were altered
such that LV systolic and diastolic function could be examined
with matched preload and afterload in the control and the
heart failure states.

Methods

Instrumentation (1 1, 13-18). 13 mongrel dogs of either sex, weighing
between 22 and 34 kg, were sedated with xylazine (2 mg/kg, i.m.) and
anesthetized using halothane anesthesia (1 vol%). With the use of ster-
ile technique and through an incision in the left fifth intercostal space,
catheters (Tygon; Norton Plastics and Synthetic Div., Akron, OH)
were implanted in the descending thoracic aorta, left ventricle, left
atrium, and right atrium. In all dogs, piezoelectric ultrasonic dimen-
sion crystals were implanted on opposing anterior and posterior endo-
cardial surfaces of the left ventricle to measure the internal short axis,
and on opposing endocardial and epicardial surfaces to measure wall
thickness in the same equatorial plane as the internal short-axis diame-
ter crystals. The subendocardial wall thickness -crystal was implanted
obliquely to avoid damage to the myocardium between the two wall
thickness crystals. Ultrasonic transducers were also implanted at the
basal epicardial surface and apical endocardial surface to measure LV
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long axis. A solid-state miniature pressure transducer (P22, Konigsberg
Instruments, Pasadena, CA) was implanted in the apex to measure LV
pressure and a screw-in type pacing lead (model 4312, CPI, St. Paul,
MN) was attached to the RV free wall in all dogs. Seven of the dogs
were instrumented additionally with an aortic occluder and an inferior
vena caval occluder (Hazen-Everett, Teaneck, NJ). The pericardium
was incised widely, catheters and leads were externalized infrascapu-
larly, and the thoracotomy was closed. Fig. l is a representative illustra-
tion of the instrumentation employed. Another group of 13 dogs served
as sham-operated controls. All dogs were allowed to recover for 2-3 wk
after operation and before experimentation. The animals used in this
study were maintained in accordance with the guidelines for the "Care
and Use of Laboratory Animals" of the Institute of Laboratory Animal
Resources, National Council (DHHS Publication No. [NIH] 85-23,
revised 1985), and the Standing Committee on Animal Care of Har-
vard Medical School.

Aortic, left atrial, and right atrial pressures were sampled from
chronically implanted catheters, and measured with strain gauge ma-
nometers (P23 ID, Statham Instruments, Oxford, CA), which were
calibrated with a mercury manometer. LV pressure was measured us-
ing the solid-state miniature gauge calibrated in vitro with a mercury
manometer, and in vivo using the left atrial and aortic catheters and
Statham strain gauge manometers. An ultrasonic dimension gauge was
used to measure LV dimensions. The dimension gauge generates a
voltage linearly proportional to the transit time of ultrasonic impulses
traveling at the velocity of 1.58 X 106 mm/s between the 3-mHz crys-
tals. At constant room temperature, the thermal drift of the instrument
is minimal, i.e., < 0.02 mmin 6 h. Any drift in the measurement
system was eliminated during the experiment by periodic calibration
accomplished by substituting impulses of known duration from a crys-
tal-controlled pulse generator having a stability of 0.001%. At nec-
ropsy, appropriate positioning of all crystals was confirmed.

Regional myocardial blood flow was measured with isotopically
labeled microspheres (15±2 jim diam, NewEngland Nuclear, Boston,
MA) in six sham-operated dogs and in nine dogs in heart failure after 3
wk of rapid pacing. The radioactive label of the microspheres (4Sc,
51Cr, 85Sr, 95Nb, 103Ru, "3Sn, 114In, or '4'Ce) was chosen randomly. The
microspheres were suspended in 0.01% Tween 80 solution (10% dex-
tran) agitated by direct application of an ultrasonic probe to ensure
dispersion of the microspheres and placed in an ultrasonic bath for at
least 30 min before injection. Before injection of microspheres, 0.7 ml
of Tween 80 dextran solution (without microspheres) was injected to
determine whether or not diluent for the microsphere suspension
would have an adverse effect on measurement of cardiac or systemic
hemodynamics. One to two million microspheres were injected
through the catheter implanted in the left atrium for determination of
blood flow. A reference sample of arterial blood was withdrawn (7.75
ml/min) from the catheter in the descending aorta. Reference sample
withdrawal was initiated 15 s before microsphere injection and contin-
ued for - 90 s after the injection was completed (total withdrawal time
was 120 s). After the animals were killed with a lethal dose of sodium
pentobarbital (50 mg/kg) samples of myocardial tissue from the LV
free walls were subdivided into four equal transmural layers from epi-
cardium to endocardium, weighed, and placed in a gammacounter
(Canberra Industries, Inc., Meriden, CT) with appropriately selected
energy windows. The raw counts were corrected for background and
crossover and compared with the reference blood sample to obtain flow
expressed in milliliters per minute per gram of tissue. Transmural myo-
cardial blood flow was determined as the average flow across all layers
of the myocardium. Endocardial/epicardial blood flow ratios were ob-
tained by dividing blood flow in the endocardial layer by the epicardial
layer.

Model ofpacing-induced cardiomyopathy. After completion of con-
trol studies, rapid right ventricular (RV) pacing was initiated at a rate of
240 beats/min, using a programmable miniature pacemaker (model
EV4543, Pace Medical, Inc., Waltham, MA), worn externally in a vest.
The dogs were examined daily to confirm the maintenance of pacing
and to monitor for incipient signs of heart failure. During all experi-

mental protocols, RVpacing was discontinued briefly so that hemody-
namic measurements could be made during intrinsic sinus rhythm.

Protocol. 13 dogs were studied in the control state, 2-3 wk after
instrumentation, when they were healthy and had completely recov-
ered from the effects of surgery. The same 13 dogs were studied 23±2 d
after initiation of rapid ventricular pacing when signs of clinical heart
failure (exertional dyspnea, exercise intolerance, pulmonary edema,
and ascites) were manifest. During both the control state and after the
development of heart failure, measurements were made with the dogs
fully awake, lying quietly on their right side after a 30-min stabilization
period subsequent to deactivation of pacing. 12 of the same dogs were
also studied to determine the sequence of development of impaired LV
systolic and diastolic function (3, 5, 7, and 14 d after initiation of rapid
ventricular pacing). Five of the same dogs were studied 24 h after pac-
ing. To determine the role of altered loading conditions as determi-
nants of the LV diastolic dysfunction, loading conditions were
matched between the control and failure states in seven dogs by reduc-
ing the elevated LV end-systolic and diastolic wall stresses in the heart
failure state by controlled hemorrhage (30-50 ml/min) and inferior
vena caval occlusion, and increasing loading conditions by volume
loading (50-80 ml/min) and aortic constriction in the control state.
Heart rate was matched in the control and failure states using atrial
pacing at 150 beats/min.

Data analysis. All data were recorded on a multichannel tape re-
corder (model 101, Honeywell, Inc., Denver, CO) and on a direct-writ-
ing oscillograph (Mark 200, Gould-Brush, Cleveland, OH). The analog
signals of LV pressure and dimension were digitized using a HP3852
on-line data acquisition and control unit (Hewlett-Packard Co., Palo
Alto, CA), and stored in a HP9000 model 825 computer (Hewlett-
Packard Co.) and were analyzed by the CROPAalgorithm for digitizing
LV function (19). Data were sampled at 2-ms intervals. The simulta-
neous LV pressure-dimension data for analysis were selected from
beats averaged for 20 s over several respiratory cycles. Extrasystolic and
postextrasystolic beats were excluded from the analysis.

The peak positive first derivative of LV pressure (dP/dt) served as

the reference for beat detection. LV end-diastolic dimensions were

measured at the beginning of the upstroke of LV dP/dt. LV end-systolic
dimensions were measured at the time of maximum negative dP/dt.
Ejection time was taken as the interval between maximum and mini-
mumLV dP/dt. Duration of diastole was measured as the interval from
the point of maximum negative dP/dt to the beginning of the upstroke
of LV dP/dt. The isovolumic relaxation period was measured as the
period from peak negative dP/dt to 5 mmHgabove LV end-diastolic
pressure (20).

Cavity volume (ml) was calculated using an ellipsoidal model ( 11),
i.e.,

EDV= (,r/6)(EDD)2(EDL - 0.55 X EDW)/1,000

and

ESV = (7/6XESD)2(ESL - 0.55 X ESW)/1,000

where EDV is LV end-diastolic volume, ESV is LV end-systolic vol-
ume, EDDis LV endocardial end-diastolic short axis (mm), ESDis LV
endocardial end-systolic short axis (mm), EDL is LV end-diastolic long
axis (mm), ESL is LV end-systolic long axis (mm), EDWis end-diasto-
lic wall thickness (mm), and ESWis end-systolic wall thickness (mm).
Notice that a wall thickness factor (0.55 X EDWor ESW) was sub-
tracted from the measured long axis because one of the long-axis crys-
tals was endocardial and the second was epicardial (1 1, 13). LV wall
volume (Vw) was calculated as the difference between LV external dia-
stolic ventricular volume (EVV) and EDV. EVVwas defined as:

EVV = (ir/6)(EDD + 2 X EDW)2(EDL + 0.45 X EDW)/1,000

LV ejection fraction (EF) was calculated similarly using:

EF(%) = (SV/EDV) x 100%

1826 Komamura et al.
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where SV (stroke volume) = EDV- ESV. The mean velocity of cir-
cumferential fiber shortening (Vcf, s-1) was calculated as follows:

Vcf = (EDD - ESD)/(EDD X ET)

where ET is ejection time in seconds.
Tension-time index (mean aortic systolic pressure multiplied by

ejection time multiplied by heart rate) and triple product (LV systolic
pressure multiplied by LV dP/dt multiplied by heart rate) were calcu-
lated as indexes of myocardial oxygen consumption. LV circumferen-
tial wall stress (a) was calculated at end-systole and end-diastole assum-
ing an ellipsoidal model (1 1, 21) as:

and = (1.36 x LVEDPX EDDX EDL)/(2 X EDW)

X (EDL + 0.55 X EDD+ 1.1 X EDW)

rs = (1.36 X LVESPX ESDX ESL)/(2 X ESW)

x (ESL + 0.55 x ESD+ 1.1 x ESW)

where LVEDPand LVESPare the LV end-diastolic and the LV end-
systolic pressures, respectively.

The time constant of isovolumic LV pressure decay (X) was calcu-
lated using pressure data from peak negative dP/dt to a pressure equal
to LV end-diastolic pressure + 5 mmHg.Tau was calculated by three
methods. The first method (22) assumes that LV pressure falls mono-
exponentially toward zero during isovolumic relaxation so that

LVP = POet/TL
where LVP is the LV intracavitary pressure calibrated to atmospheric
zero using the pressure reference from the LV catheter, P0 is LV pres-
sure at the start of decay, t is time, and TL is the time constant of
isovolumic relaxation. The second method (23) assumes a variable
asymptote for LV pressure decay, taking into account the effects of
extramural forces (pleural pressure, interventricular dependence, or
baseline shift). Thus,

LVP = (P0 - PB)e/D + PB
where, in addition to the symbols described previously, PB is the pres-
sure to which LV pressure would decay given infinite time, and TD is
the time constant of isovolumic relaxation using this method. The third
model calculated directly the three parameters (P0, PB, r) by nonlinear
least-squares fit using the Marquardt gradient expansion algorithm
(24). In practice, starting points used in the iterative procedure were
those obtained by the second method. Wedenoted the time constant
from the third method as TN.

The radial myocardial stiffness constant was calculated from mini-
mumLV pressure to the peak of atrial contraction using the formula of
Mirsky (25), previously used in this laboratory (16-18):

LVP = Bh-

where h is the wall thickness and # is the radial myocardial stiffness
constant. Occasionally, especially in the control states with atrial pac-
ing, the LV pressure during diastole reached negative values even if
intrathoracic pressure was taken into account. In that case, the equa-
tion for myocardial stiffness could not be solved. Therefore, we calcu-
lated myocardial stiffness using the equation with a constant, i.e., LVP
= Bh- + D, where D is a pressure constant for curve fitting. Wealso
calculated stiffness without the added pressure constant. The results
were qualitatively similar using both calculations. To calculate operat-
ing chamber stiffness, simultaneous paired pressure-volume data were
derived from the diastolic portion of a single beat under steady-state
conditions and were fitted to the monoexponential curve:

LVP = Aeav + C

where a is a chamber stiffness coefficient (26), A is a curve-fitting con-
stant, and Cis the pressure intercept. For the purpose of comparison, a
was normalized to LV wall volume (a.). The chamber stiffness con-
stant, k, and a normalized k (kl) were calculated from the LV end-dia-

stolic chamber stiffness vs. pressure data during hemorrhage and vol-
ume load.

Pathology. After completion of the experimental protocol, both
sham operated controls and dogs with heart failure were euthanized
with a lethal dose of sodium pentobarbital (50 mg/kg). Five of the
paced dogs and all of the control dogs were perfusion fixed in situ
through an aortic cannula with 2%phosphate-buffered glutaraldehyde
as previously described (18). The additional paced dog hearts were
immersion fixed in 10%phosphate-buffered formaldehyde. The hearts
were excised and trimmed of excess tissue. The atria were removed and
the right ventricle was separated from the left ventricle. The right ven-
tricle and left ventricle plus septum were then weighed separately. Be-
cause the body weight of heart failure dogs was altered due to ascites,
the ratio of heart weight to body weight was calculated using presurgery
body weight values.

Histologic studies were conducted on hearts from seven sham dogs
and eight of the heart failure dogs. Transmural sections of myocardium
in both horizontal and vertical planes were taken from the interventric-
ular septum, LV posterior wall, LV anterior wall, LV free wall, and RV
free wall (total = 10). Care was taken to avoid areas adjacent to im-
planted instrumentation. Tissues were embedded in paraffin and 5-am
sections were stained with hematoxylin and eosin, Gomori's aldehyde
fuchsin trichrome, and picrosirius red. The stained sections were di-
vided into two adjacent transmural layers, i.e., epi- and endomyocar-
dial layers. One section from each of the three LV regions was analyzed
quantitatively for determination of the type and amount of connective
tissue present (27). The quantitative approach used a video imaging
system (Image Technology, Deer Park, NY) in which a microscope
with video camera is interfaced to an IBM model 80286 computer with
software programmed to calculate the percentage of pixels exceeding a
selected density. Picrosirius red-stained sections were examined with a
green filter to provide maximal monochromatic contrast on the video
system between the red-stained connective tissue and the yellow-
stained muscle tissue on the 256 gray scale. A minimum of 30 fields
were measured in both the epi- and endomyocardial layers in each
slide. Fields were measured by use of the x 10 objective with the limit-
ing screen on the video set for a 600 X 600 Mm2area. Adjacent fields
were measured following an alternating inner-to-outer, outer-to-inner
pattern through each region, excluding fields with technical artifacts or
large (> 150 Mmin diameter) vascular spaces. Perivascular tissue was
included. Mean volume percent of connective tissue for each epi- or
endomyocardial region was calculated from the three slides and these
values were combined for determination of group means. Hydroxypro-
line was determined on three subendo- and three subepimyocardial
regions of fixed tissue in each dog; tissue values were combined to
obtain regional mean values. Care was taken to avoid the endo- and
epicardium or regions adjacent to instrumentation. Hydroxyproline
content was measured spectrophotometrically by the method of
Woessner (18, 28). Results were expressed as micrograms hydroxypro-
line per milligram dry weight of sample.

Statistics (29). Data are expressed as mean±standard error. Differ-
ences between the dogs studied at control and at day 1, and between
control and 3 wk after rapid pacing were compared by Student's t test
for paired comparison, with differences considered significant at a level
of P < 0.05. The Student's t test for unpaired comparison was used for
comparison of variables between sham dogs and heart failure dogs.

Results

Serial changes in L Vand systemic hemodynamics. Paired anal-
yses are shown at 1 d (Table I) and 3 wk (Table II) of rapid
ventricular pacing for the same dogs studied at these intervals
compared with their respective control values. Mean arterial
pressure at 1 d was unchanged from control but was reduced by
9±3 mmHg(P < 0.001) at 3 wk after pacing. Heart rate was
unchanged at 1 d but was elevated by 21±6 beats/mm (P

1828 Komamura et al.



Table I. LVand Systemic Hemodynamics in the SameFive Dogs
Studied in the Control State and I d afterRapid Ventricular Pacing

Control Day 1 P value

LV systolic pressure (mmHg) 114±5 109±5 NS
LV end-diastolic pressure

(mmHg) 9±1 12±1 <0.05
Mean arterial pressure

(mmHg) 92±4 91±3 NS
Heart rate (beats/min) 92±5 96±10 NS
LV end-systolic stress

(g/cm2) 45±5 49±5 <0.05
LV end-diastolic stress

(g/cm2) 12±3 16±3 <0.05
LV end-diastolic volume

(ml) 54±2 54±2 NS
LV end-systolic volume (ml) 24±3 29±3 <0.05
LV stroke volume (ml) 29±2 25±2 <0.05
LV dP/dt (mmHg/s) 2,921±209 1,939±154 <0.01
Vcf(s-') 1.53±0.14 1.13±0.20 <0.05
LV ejection fraction (%) 55±4 47±4 <0.05
Time constant of isovolumic

relaxation (ms)
TD 28.7±0.6 35.5±1.9 <0.05
TN 29.4±1.2 37.1±2.0 <0.05
TL 22.9±1.3 28.5±0.9 <0.05

Radial myocardial stiffness
constant 3.0±0.5 4.2±0.6 <0.05

Operating chamber stiffness
a (ml-') 0.050±0.003 0.054±0.003 NS
an 5.56±0.56 6.16±0.77 NS

Values are mean±SEM. Abbreviations: TL, time constant of isovolu-
mic relaxation obtained by the semilogarithmic method with zero
asymptote; TD, time constant of isovolumic relaxation obtained by
the derivative method with nonzero asymptote; TN, time constant of
isovolumic relaxation obtained by the nonlinear least-squares
fitting with nonzero asymptote; a, coefficient of chamber stiffness
obtained by fit to steady-state data; an, normalized a to LV wall vol-
ume.

< 0.001) after 3 wk of pacing. LV systolic pressure was un-
changed from control at 1 d but was reduced by 17±3 mmHg
(P < 0.00 1) after 3 wk of pacing. LV end-diastolic pressure at 1
d was increased by 3±1 mmHg(P < 0.05) and was elevated by
20±2 mmHg(P < 0.001) after 3 wk of pacing.

Serial changes in LV end-diastolic and end-systolic stresses
and volumes are shown in Fig. 2. LV end-systolic stress was
increased at 1 d by 4±1 g/cm2 (P < 0.05) and was elevated by
29±6 g/cm2 (P < 0.001) after 3 wk of pacing. LV end-diastolic
stress was increased at 1 d by 4±1 g/cm2 (P < 0.05) and was
elevated by 40±5 g/cm2 (P < 0.001) after 3 wk of pacing. LV
end-diastolic volume was unchanged from control at 1 d but
was significantly elevated by 23±2 ml (P < 0.00 1) after 3 wk of
pacing. LV end-systolic volume was increased at 1 d by 5±2 ml
(P < 0.05) and was significantly elevated by 28±2 ml (P
< 0.001) after 3 wk of pacing. LV stroke volume was decreased
at 1 d by 5±2 ml (P < 0.05) and was reduced by 6±1 ml (P
< 0.002) after 3 wk of pacing.

Table III reveals the average transmural myocardial blood
flow and endocardial/epicardial blood flow ratio in six sham-

Table II. LVand Systemic Hemodynamics in the Same13 Dogs
Studied in the Control State and 3 wk after Rapid Ventricular
Pacing (Heart Failure)

Heart
Control failure P value

LV systolic pressure
(mmHg) 119±3 102±2 <0.001

LV end-diastolic pressure
(mmHg) 8±1 28±2 <0.001

Mean arterial pressure
(mmHg) 96±3 87±3 <0.001

Heart rate (beats/min) 96±5 117±6 <0.001
LV end-systolic stress

(g/cm2) 58±3 87±4 <0.001
LV end-diastolic stress

(g/cm2) 12±1 53±6 <0.001
LV end-diastolic volume

(ml) 56±2 79±3 <0.001
LV end-systolic volume

(ml) 28±2 56±2 <0.001
LV stroke volume (ml) 28±2 22±2 <0.002
LV dP/dt (mmHg/s) 2,865±155 1,539±103 <0.001
Vcf (s-') 1.34±0.09 0.79±0.08 <0.001
LV ejection fraction (%) 50±3 28±2 <0.001
LV wall volume (ml) 114±4 119±6 NS

Values are mean±SEM.

operated controls and nine of the dogs studied after 3 wk of
pacing. The average transmural flow was reduced in heart fail-
ure in keeping with reduced determinants of myocardial de-
mand as reflected by the reduced tension-time index and triple
product (Table III). Although average transmural flow was less
in heart failure, there was no evidence of subendocardial hypo-
perfusion at baseline as reflected by the normal endo/epi ratio.
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Figure 2. The sequential changes in systolic and diastolic LV wall
stresses and volumes are shown at control, at 1 d, and at selected in-
tervals after initiating rapid pacing. Both LV end-diastolic and
end-systolic wall stresses were increased at I d after initiation of rapid
ventricular pacing and continued to be increased progressively over
the 3-wk monitoring period, as did LV end-diastolic and end-systolic
volumes.
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Table III. Myocardial Blood Flow and Triple Product

Heart failure
Shamdogs dogs P

(n = 6) (n = 9) value

Transmural coronary blood
flow (ml/min per g) 1.02±0.10 0.72±0.05 <0.05

Endocardial/epicardial flow
ratio 1.31±0.08 1.12±0.09 NS

Tension-time index
(mmHg. s/min) 2027±60 1,724±86 <0.05

Triple product (X 106
mmHg2beat/s2) 2,554±182 1,015±110 <0.00 1

Values are mean±SEM.

Serial changes in indexes of LV systolic function. Paired
analyses are shown at 1 d (Table I) and 3 wk (Table II) of rapid
ventricular pacing for the same dogs studied at these intervals
compared with their respective control values. Serial changes
are depicted in Fig. 3. LV dP/dt was decreased from control
within 1 d by 982±166 mmHg/s (P < 0.01) and was signifi-
cantly reduced by 1,327±105 mmHg/s (P < 0.001) after 3 wk
of pacing. LV Vcf was decreased by 0.40±0.11 s-' (P < 0.05) at
1 d and was significantly reduced by 0.54±0.10 s-1 (P < 0.001)
after 3 wk of pacing. Ejection fraction was decreased by 9±2
percentage units (P < 0.05) at 1 d and was significantly reduced
by 22±2 percentage units (P < 0.001) after 3 wk of pacing.

Serial changes in indexes of LV diastolic function. Paired
analyses are shown at 1 d (Table I) and after 3 wk (Table IV) of
rapid ventricular pacing for the same dogs studied at these in-
tervals compared with their respective control values. Serial
changes are depicted in Fig. 4. TDwas increased significantly by
6.8±1.7 ms (P < 0.05) (Table I) at 1 d and was elevated by
14.0±2.8 ms (P < 0.001) after 3 wk of pacing (Table IV, Fig. 4).
TN and TL yielded changes similar to those obtained from TD
(Tables I and IV). The duration of diastole was significantly
shortened in the heart failure state by 90.7±27.0 ms (P < 0.01)
from control as was the isovolumic relaxation period by
12.8±2.2 ms (P < 0.001) (Table IV).

The myocardial stiffness constant was increased signifi-
cantly by 1.2±0.3 (P < 0.05) (Table I) at 1 d and was elevated

Peak dP/dt Vcf

further to 9.5±1.5 (P < 0.002) after 3 wk of pacing. However,
chamber stiffness, a., was not changed significantly over the
3-wk period of study (Table IV, Fig. 4).

Fig. 5 illustrates a representative LV end-diastolic pressure-
volume relationship for an animal studied at control and after
3 wk of rapid ventricular pacing. Although the relationship was
shifted to the right in heart failure, there was no difference in
the modulus of chamber stiffness suggesting no significant
change in LV diastolic chamber compliance.

Table IV includes the values for ventricular chamber stiff-
ness in the control and heart failure states. There were no signif-
icant differences in the indices of chamber stiffness assessed
from chamber stiffness vs. pressure data, whether data were
derived from LV end-diastolic pressure-volume relation during
hemorrhage and volume load (control k = 0.14±0.04 ml-', kn
= 18.7±4.0; heart failure k = 0.14±0.02 ml-', kn = 14.4±1.9)
or from steady-state cardiac cycles (control a = 0.048±0.002
ml-', an = 5.50±0.30; heart failure 0.048±0.002 ml', an
= 5.75±0.45).

Load dependence of LVsystolic and diastolicfunction. The
effects of increases in preload and afterload at constant heart
rate were examined on LV systolic and diastolic function in
seven control dogs. When LV end-diastolic and end-systolic
stresses were increased significantly by 30.7±5.2 g/cm2 (P
< 0.005) and 48.1±16.0 g/cm2 (P < 0.05), respectively, in the
control state, TDwas increased by 7.7±3.1 ms(P < 0.05) as was
the myocardial stiffness constant, by 1.0±0.3 (P < 0.05). TN
and TL yielded similar changes (P < 0.05). However, chamber
stiffness remained unchanged. Insignificant increases in LV
dP/dt (+321±257 mmHg/s) and insignificant decreases in Vcf
(-0.14±0.15 s-') and LV ejection fraction (-2.6±5.4%) were
also observed.

LV systolic and diastolic function with matched loading
conditions. The effects of increases in preload and afterload at
constant heart rate in the control state to match levels attained
in the heart failure state are shown on indexes of LV systolic
and diastolic function in Figs. 6 and 7, respectively. Although
the marked differences in LV systolic contractile parameters
between the control and heart failure states persisted with
matched loading conditions (Fig. 6), the indexes of LV dia-
stolic function were no longer different in the heart failure state
when loading conditions were matched in the control state
(Fig. 7).
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Figure 3. The time course of the changes in LV
dP/dt, mean velocity of circumferential fiber
shortening (Vcf), and ejection fraction. LV
dP/dt, Vcf, and ejection fraction were de-
creased within 1 d after initiation of rapid pac-
ing and continued to be declined gradually
over the remainder of the 3-wk monitoring pe-
riod.
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Table IV. Changes in LVDiastolic Function in the Same13 Dogs
Studied in the Control State and after 3 wk of Ventricular Pacing
(Heart Failure)

Heart P
Control failure value

Time constant of
isovolumic relaxation
(ms)(n= 13)

TD 29.7±0.7 44.0±3.1 <0.001
TN 31.7±1.1 47.4±3.8 <0.002
TL 23.5±0.8 38.6±2.2 <0.001

Radial myocardial stiffness
constant (n = 13) 3.1±0.3 9.5±1.5 <0.002

Chamber stiffness
coefficient (n = 13)

a (ml-') 0.048±0.002 0.048±0.002 NS
a, 5.50±0.30 5.75±0.45 NS

Chamber stiffness constant
(n = 7)

k (ml-') 0.14±0.04 0.14±0.02 NS
kl 18.7±4.0 14.4±1.9 NS

Duration of diastole (ms)
(n = 13) 404±25 313±25 <0.01

Isovolumic relaxation
period (ms) (n = 13) 38.9±1.3 26.0±2.3 <0.001

Values are mean±SEM. Abbreviations: k, chamber stiffness constant
obtained by fit to end-diastolic chamber stiffness vs. pressure during
hemorrhage and volume load; kI, normalized k to LV wall volume.
Other abbreviations as in Table I.

The effects of reducing LV preload and afterload in the
heart failure state to match levels observed in the control state
are shown on indexes of LV systolic and diastolic function in
Figs. 8 and 9, respectively. Whereas the indexes of LV systolic
function remained depressed (Fig. 8), the indexes of LV dia-
stolic function were no longer different when loading condi-
tions were matched in the failure state (Fig. 9).

Pathology. There were no significant differences in body
weights between sham-operated controls and dogs with heart
failure (Table V). There were no significant increases in LV

Tau Myocardial Stiffness

plus septum weight/body weight in dogs with heart failure
(5.2±0.3 g/kg) compared with sham-operated controls
(5.0±0.1 g/kg). There were also no differences in RVweight/
body weight in dogs with heart failure (1.9±0.1 g/kg) compared
with sham-operated controls (1.8±0.1 g/kg). Thus, there ap-
peared to be no significant increase in ventricular mass ob-
served in this model of heart failure over the 3-wk period of
rapid ventricular pacing.

Light microscopic histopathologic evaluation of the sec-
tions of the LV revealed no differences between the dogs with
heart failure and sham-operated controls. Quantitative analysis
of connective tissue by measurement of hydroxyproline con-
centration revealed no differences in transmural, epi- and en-
domyocardial layers between the dogs with heart failure (epi
9.8±0.9; endo 8.5±1.8; transmural 8.2±0.6 ,ug/mg) and sham-
operated controls (epi 7.6±0.9; endo 9.7±1.9; transmural
8.1±0.6 /Ag/mg) (Fig. 10). Quantitative evaluation of connec-
tive tissue by video imaging analysis also revealed no differ-
ences in transmural, epi- and endomyocardial layers between
the dogs with heart failure (epi 3.1±0.3; endo 2.5±0.3; trans-
mural 2.8±0.3%) and sham-operated controls (epi 3.7±0.7;
endo 2.7±0.4; transmural 3.2±0.5%) (Fig. 10). To evaluate the
possibility that small focal regions of myocardial connective
tissue increase may have been present, we plotted the com-
bined data as a histogram of the number of fields in the control
and paced groups over the range of connective tissue content
per field (Fig. 1 1). A total of 2026 fields were measured in seven
control dogs and 2,509 fields in eight heart failure dogs. These
data indicate that there was no difference in connective tissue
distribution as measured by the picrosirius red technique at the
light microscopic level. Thus, there were no quantitative
changes in myocardial connective tissue at this stage of the
heart failure process.

Discussion

In the present investigation conducted in conscious dogs, pac-
ing-induced heart failure was characterized by marked LV sys-
tolic and diastolic dysfunction. The indices employed encom-
passed both active and passive aspects of diastole and were
consistent with abnormalities which have been described in the
advanced stages of human dilated cardiomyopathy (30-34). In
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Figure 4. The time course of the changes in the
isovolumic relaxation time constant obtained
by the derivative method with nonzero
asymptote (TD), myocardial stiffness, and the
coefficient of chamber stiffness normalized to
LV wall volume (a.). Isovolumic relaxation
time constant and myocardial stiffness were
increased at I d after initiation of rapid ven-
tricular pacing and continued to be increased
further over the 3-wk monitoring period,
whereas chamber stiffness remained un-
changed over the period of the study.
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addition, we observed that the LV diastolic abnormalities de-
velop in close temporal relationship with the LV systolic abnor-
malities and were evident within 24 h of initiating the insult of
RV pacing. The abnormalities in LV diastolic and systolic
function progressed over the course of the 3-wk study period.
Most importantly, while the abnormalities in LV systolic func-
tion were relatively independent of load, the abnormalities in
LV diastolic function appeared to be due in major part to the
alterations in LV end-systolic and end-diastolic wall stresses
observed in this model of heart failure, and can be reversed by
normalizing the loading conditions on the heart. The lack of

75

Figure 5. LV end-diastolic pressure-vol-
ume relationship during hemorrhage and

-_ volume load before (o) and after (-) devel-
go opment of heart failure. The pressure-vol-

ume curve was shifted to the right in the
failure state, but the slope was unaltered.

any increase in collagen through this stage of the heart failure
process was consistent with a load-dependent and a reversible
mechanism for the LV diastolic dysfunction.

Abnormalities in LV diastolic function are characteristic of
heart failure (1, 2) in both patients (30-36) and in experimental
models (12, 17, 37). Prior studies have suggested that alter-
ations in LV diastolic function in heart failure are due to intrin-
sic properties of the cardiac myocytes (38) or to intracellular
calcium regulation (39-41), concomitant myocardial ischemia
(17), or alterations in collagen content (42, 43). In that it is well
recognized that many of the indexes of diastolic function are

Z INCREASED LOAD AT CONT.
CHF

160

120

80

40

0
HR ED ES

(bpm) S t r e s s
(g/cm2 )

LV dP/dt Vcf
(mmHg/s) (s-' )

Figure 6. Changes in LV systolic function (LV dP/dt, LV mean velocity of circumferential fiber shortening [Vcfl, and ejection fraction LV [EF])
compared before and 3 wk after rapid ventricular pacing. Values in the control state with elevated loading conditions to match those attained
in heart failure were used for comparison. Heart rates at both the control and failure states were matched by left atrial pacing (150 beats/min).
Even with matched LV end-diastolic and end-systolic stresses, LV systolic function was depressed significantly in failure. Abbreviations: HR,
heart rate; ED, end-diastolic; ES, end-systolic. **P < 0.01 vs. control.
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Figure 7. Changes in LV diastolic function (T [TD], myocardial stiffness, and chamber stiffness [anj) compared before and 3 wk after rapid ven-
tricular pacing. Values in the control state with elevated loading conditions to match those attained in the heart failure state were used for com-
parison. Heart rates at both the control and failure states were matched by left atrial pacing (150 beats/min). There were no differences in the
three indexes of diastolic function in the control and failure states at matched load, in contrast to the persistent depression in systolic function
noted in Fig. 6. Abbreviations as in Fig. 6.

load dependent (23, 44-49), it is also conceivable that the dia-
stolic dysfunction could be due to the altered loading condi-
tions, which are characteristic of heart failure.

In further support of this concept, prior studies have em-

phasized the preload and afterload dependence of isovolumic
relaxation (23, 45-49). These findings are consistent with and
of a similar magnitude to those observed in our animals studied
at control in which preload and afterload were increased simul-
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Figure 8. Changes in LV systolic function (LV dP/dt, LV mean velocity of circumferential fiber shortening [VcfJ, and LV ejection fraction [EF])
compared before and 3 wk after rapid ventricular pacing. Values in the heart failure state with reduced loading conditions were used to match
those attained in the control state. Heart rates at both the control and failure states were matched by left atrial pacing (150 beats/min). Even when
LV end-diastolic and end-systolic stresses were reduced to control levels, LV systolic function was depressed significantly in the failure state.
*P < 0.05 vs. control; **P < 0.01 vs. control. Abbreviations as in Fig. 6.
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Figure 9. Changes in LV diastolic function (r [TD], myocardial stiffness, chamber stiffness [aj]) compared before and 3 wk after rapid ventricular
pacing. Values in the heart failure state with reduced loading conditions were used to match those attained in the control state. Heart rates at
both the control and failure states were matched by left atrial pacing (150 beats/min). There were no differences in the three indices of diastolic
function between the control and failure states at matched loading conditions in contrast to LV systolic function (Fig. 8). Abbreviations as in
Fig. 6.

taneously. In addition, the study of Tomita et al. ( 12) suggested
that increased afterload may be important in mediating LV
diastolic dysfunction in heart failure. However, no study has
attempted to ascertain whether the LV diastolic dysfunction
that occurs in developing heart failure is reversible by normaliz-
ing the loading conditions.

Controversy exists as to the load dependence of different
models of 7 (22, 23, 45-51). Accordingly, we calculated T in
several ways (52). First, we used the method originally de-
scribed by Weiss et al. (22). It has been suggested by others (5 1)
that isovolumic pressure decay may not be monoexponential,
because the slope of the relationship may vary between early
relaxation as compared with later relaxation. We also em-
ployed two additional methods for calculating T (23, 52). De-
spite the various advantages and disadvantages of these differ-
ent methods (22, 23, 45-49), the results were qualitatively simi-

Table V. Pathology

Heart
Sham failure
dogs dogs P

(n= 13) (n= 13) value

Body weight (kg) 28±1 27±1 NS
LV + septum weight (g) 139±6 141±10 NS
LV + septum weight/body weight

(g/kg) 5.0±0.1 5.2±0.3 NS
RVweight (g) 49±2 51±3 NS
RVweight/body weight (g/kg) 1.8±0.1 1.9±0.1 NS

Values are mean±SEM.
Sham, sham-operated control dogs.

lar with all three methods, i.e., r was increased in heart failure,
but the increase appeared to be load dependent. Thus, indexes
of both X and myocardial stiffness were load dependent and the
observed abnormalities in these indexes during the develop-
ment of heart failure could be ascribed to alterations in loading
conditions.

In the present study, there were differential changes in
chamber and myocardial stiffness during the development of
heart failure (Fig. 4), i.e., myocardial stiffness increased but LV
chamber stiffness remained unchanged. Also, chamber stiff-
ness was not altered by varying the loading conditions (Figs. 6
and 8). It should be noted that these two measures of stiffness
are conceptually different, because chamber stiffness is depen-
dent on LV size and geometry, whereas myocardial stiffness
reflects the mechanical properties of the myocardium itself (5 3,
54). Thus, in the calculation of chamber stiffness, the increase
in myocardial stiffness is offset by the increase in operating
volume of the ventricle. The increase in radial myocardial stiff-
ness in the absence of increases in collagen at this stage in the
heart failure process likely reflects the consequences of myo-
cyte slippage (55) as well as other potential ultrastructural
changes (56). Our finding of constancy in chamber stiffness
was consistent with the report by Tomita et al. (12) using a
similar model of heart failure and also consistent with other
clinical findings in dilated cardiomyopathy (36, 42, 57). In the
present study, there was significant load dependence of indices
of LV diastolic function in the control state. Effects of load
dependence on indices of systolic function were not statistically
significant. Thus, it appeared that LV diastolic function was
more sensitive to loading conditions than LV systolic function
in the control state under circumstances in which preload and
afterload are increased simultaneously.

An important factor to consider in assessing LV diastolic
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dysfunction is structural alterations that occur within the myo-
cardium which may be responsible for altered physical proper-
ties leading to diastolic abnormalities (43, 58). Alterations in
the interstitial matrix have been shown to be an important
contributor to abnormalities in diastolic function observed in
pressure overload hypertrophy related to both aortic banding
(27, 58), functional aortic stenosis (53), and also in experimen-
tal models of longstanding perinephritic hypertension (59).
However, we observed no quantitative differences in LV colla-
gen content and the reversible nature of the LV diastolic func-
tional abnormalities with correction of altered loading condi-
tions was in keeping with the absence of significant histopatho-
logical changes. The findings in this study are in contrast to the
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Figure 11. Histogram of the percent of total fields examined accord-
ing to the volume percent collagen for each field measured in hearts
from dogs with failure compared with those from sham-operated
controls. Each field was analyzed using image analysis of picric acid
sirius red-stained sections of LV myocardium.

reports of Weber et al. (6) who observed quantitative increases
in collagen content within the hearts of dogs exposed to 5-6 wk
of rapid ventricular pacing. The differences may reflect the
duration of the lesion, since our animals were paced for only 3
wk. It is conceivable that at later stages when these structural
changes occur, alterations in LV diastolic function would not
be totally load dependent, and would not be reversible by re-
ducing preload and afterload. Weber et al. (6) also observed
qualitative changes in myocardial collagen as early as 6 h after
initiation of pacing. Assuming that the models are comparable
between their laboratory and ours, it is possible to conclude
that these early qualitative changes in collagen may neither
result in quantitative increases in collagen nor alterations suffi-
cient to induce diastolic dysfunction independent of loading
conditions.

Another important myocardial structural change fre-
quently accompanying heart failure is myocardial hyper-
trophy. It is well recognized that diastolic dysfunction can be
observed in the hypertrophied heart (35, 36, 53). However, in
the model of pacing-induced heart failure used in the current
investigation LV hypertrophy was not observed. If LV hyper-
trophy had occurred, it is also possible that the alterations in
LV diastolic function would not have been corrected by reduc-
ing preload and afterload.

An additional influence on diastolic function that needs to
be considered is the one of myocardial ischemia, inasmuch as
myocardial ischemia per se can impair diastolic function (17,
60). A prior study in the model of pacing-induced heart failure
found no significant alterations in coronary blood flow using
coronary sinus catheters to measure blood flow (61). In a recent
study, blood flow was found to decrease in pacing-induced fail-
ure in sedated pigs, in the face of an increased pressure-rate
product (62). In our investigation, measurements of myocar-
dial blood flow were made in the heart failure state and in a
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separate sham-operated group of dogs using radioactive micro-
spheres (Table III). Transmural myocardial blood flow was re-
duced in heart failure, but there were no changes in the endo/
epi flow ratio. The preservation of a normal endo/epi ratio
argues against ischemia, which is most often associated with
preferential subendocardial hypoperfusion. Furthermore, it is
possible that the reduction in baseline transmural myocardial
blood flow reflects reductions in myocardial oxygen consump-
tion. Whereas the indexes of myocardial oxygen consumption
employed in this study, i.e., tension-time index and the triple
product, were reduced in the heart failure state, these estimates
are not as accurate as direct measures of myocardial oxygen
consumption. As an example, when systolic wall stress was
substituted for arterial pressure in the calculation of the triple
product, no significant differences are observed in this index of
myocardial oxygen consumption between the control and
heart failure states. Finally, it should be noted that when heart
rate and loading conditions were normalized in heart failure,
transmural coronary blood flow was further reduced from
1.36±0.11 to 1.18±0.12 ml/min per kg. Despite the further
reduction in myocardial blood flow, indexes of diastolic func-
tion were improved. Taken together, these findings suggest that
myocardial ischemia is not likely the mechanism for the im-
pairment in diastolic function at this stage in pacing-induced
heart failure.

Recent in vitro studies exploring intracellular calcium han-
dling by using the bioluminescent indicator, aequorin, have
shown that the time to 90%relaxation was prolonged in trabec-
ulae from the right ventricle of dogs with pacing-induced heart
failure (63). However, the resting diastolic intracellular cal-
cium levels, measured by fractional luminescence, were not
significantly different between sham controls and dogs with
heart failure. These findings are in keeping with the lack of
significant diastolic dysfunction in the conscious state when
loading conditions are normalized.

Another important observation is the fact that the develop-
ment of LV systolic and diastolic abnormalities occur simulta-
neously in this model of pacing-induced heart failure. There
has been considerable interest as to the timing of inotropic and
lusitropic abnormalities in myocardial disease (3-5). Indeed, in
certain states characterized by pressure overload hypertrophy,
it is assumed that the diastolic abnormalities antedate the sys-
tolic abnormalities (3, 4). In this model of heart failure devoid
of significant hypertrophy, it appears that the two abnormali-
ties occur simultaneously. Most importantly, the abnormalities
of both LV systolic and diastolic function were evident very
early after the initiation of rapid ventricular pacing, before
changes in LV geometry or ventricular dilatation were evident
but when increases in LV systolic and diastolic wall stresses had
occurred. It is also recognized that changes in T vary inversely
with contractility (22, 45, 46, 49). Thus, it is possible that the
early increase in -r observed at 1 d after initiation of pacing was
in part secondary to the reduced contractility. The studies at 3
wk of pacing induced heart failure clearly indicate that the
changes in LV diastolic function were not dependent on de-
pressed LV systolic function because, when loading conditions
were matched, LV systolic function remained depressed, but
LV diastolic dysfunction was no longer evident.

Recent studies (64), have demonstrated that diastolic in-
dexes, i.e., T, remain sensitive to f3-adrenergic stimulation with
the intracoronary administration of dobutamine in dilated car-
diomyopathy in humans whereas indexes of systolic function

remain depressed. These findings raise the possibility that the
improvement in indexes ofdiastolic function during normaliza-
tion of loading conditions may reflect reflex mediated increases
in adrenergic tone. While this is unlikely in view of depressed
reflex control in heart failure (65, 66), this possibility was tested
in two dogs with heart failure. In these two dogs in the presence
of autonomic blockade with propranolol (0.5 mg/kg) and atro-
pine methylbromide (0.1 mg/kg), TL was 34 ms and fell to 21
mswhen loading conditions were normalized. Thus, even with
autonomic efferents blocked, reducing the loading conditions
normalized r in heart failure.

In summary, profound diastolic functional abnormalities
occur in temporal association with systolic functional abnor-
malities in the model of pacing-induced heart failure in
conscious, chronically instrumented dogs. Despite the early
onset of these abnormalities, they are unassociated with struc-
tural or biochemical changes in interstitial collagen, evidence
of myocardial ischemia, or ventricular hypertrophy. The dia-
stolic functional abnormalities but not the systolic dysfunction
are readily corrected by reducing the elevated end-systolic and
diastolic stresses observed in the heart failure state. These data
suggest that the markedly altered loading conditions them-
selves may contribute importantly to the expression of diastolic
functional abnormalities but do not necessarily portend struc-
tural changes within the myocardium. However, the reversibil-
ity of these diastolic abnormalities with correction of loading
conditions may not occur in heart failure of other etiologies
where structural changes are more prominent. Nonetheless,
the fact that major changes in diastolic function are entirely
reversible in early stages of heart failure should be recognized
when evaluating the effects of heart failure on diastolic func-
tion in experimental and clinical studies, where loading condi-
tions cannot be controlled.
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